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ABSTRACT

Nanocellulose is a type of cellulose that is being widely developed to replace
petroleum-based polymers. This material possesses biocompatible properties, is
abundant in nature, and is eco-friendly due to its biodegradability, sustainability, and
non-toxic nature. Various nanocellulose synthesis methods are employed, including
acid hydrolysis, alkaline, mechanical and biological treatments, as well as ionic liquid
and deep eutectic solvent methods. The choice of synthesis method greatly influences
the particle size and crystallinity of the resulting nanocellulose; hence further
investigation is needed to determine the effectiveness of these methods.
Nanocellulose finds applications in various fields, such as films, polymers, cosmetics,
medical fuels, and energy storage. Among the different nanocellulose synthesis
methods, ionic liquid and deep eutectic solvent (DES) methods have environmentally
safe waste with better temperature, time, and diameter control compared to other
methods. However, the DES method is currently preferred over the ionic liquid method
due to the possibility of separating the lignin waste from the solvent.
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ABSTRAK

Nanoselulosa merupakan material selulosa yang sedang dikembangkan oleh para
peneliti untuk menggantikan polimer berbasis minyak bumi. Material ini memiliki sifat
biokompatibel, terdapat dalam jumlah melimpah di alam, serta ramah lingkungan
disebabkan oleh sifatnya yang mudah terdegradasi, tidak beracun, dan dapat diperbarui.
Metode sintesis nanoselulosa yang umum digunakan meliputi hidrolisis asam, pelarut
alkali, mekanik, dan biologi serta metode ionic liquid dan deep eutectic solvent. Teknik-
teknik sintesis ini sangat berpengaruh terhadap ukuran partikel dan Kkristalinitas
nanoselulosa yang dihasilkan, sehingga diperlukan pendekatan lebih lanjut untuk
mengetahui efektifitas dari berbagai metode yang digunakan. Secara umum, hasil studi
terhadap nanoselulosa menunjukkan bahwa material ini memiliki banyak kegunaan,
seperti pada proses pembuatan film, polimer, kosmetik, bidang medis, bahan bakar, dan
material penyimpanan energi. Dari berbagai metode sintesis nanoselulosa, metode ionic
liquid dan DES memiliki limbah aman yang ramah lingkungan dengan suhu, waktu, dan
diameter yang lebih baik dari metode lainnya. Namun, metode DES lebih banyak
digunakan pada saat ini daripada metode ionic liquid karena lignin hasil ekstraksi pada
metode DES dapat dipisahkan dari pelarutnya.

Kata kunci: Deep eutectic solvent, film, ionic liquid, nanoselulosa, polimer
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INTRODUCTION

In the past two decades, polymer
synthesis has caused significant
environmental problems, including plastic
waste accumulation, global climate change,
and the depletion of fossil fuel reserves.
These challenges have driven researchers
and industries to focus on the production of
bio-polymers from renewable resources as a
substitute for petroleum-based polymers
(Kumar and Thakur 2017).

Cellulose, one of the most abundant
natural polymers, has emerged as a widely
used bio-polymer. It consists of glucose
bonds arranged in a linear chain, with the C-
1 of each glucose molecule binding to the C-
4 of the adjacent glucose molecule (Effendi
et al. 2015). The linear structure of cellulose
contributes to its crystalline nature, making it
relatively insoluble in water. In nature,
cellulose is found in the form of
lignocellulose, which comprises cellulose
and other compounds such as
hemicellulose, lignin, pectin, and wax.
Lignocellulosic materials can be obtained
from various agricultural sources, including
sugarcane, rice straw, palm fruit, and sago
pulp. Nanocellulose, a type of cellulose, is
being extensively studied and utilized due to
its biocompatible properties, abundant
availability, and eco-friendliness. These
advantages stem from its biodegradability,
sustainability, and non-toxic nature (Mulyadi
2019).

The utilization of cellulose in the form
of nanocellulose has gained significant
attention. Several techniques can be
employed to obtain nanocellulose, including
mechanical, chemical, and enzymatic
methods. To ensure successful synthesis,
characterization of the resulting
nanocellulose is essential. This
characterization can include size/scale
dimension, specific strength, modulus, and
surface area analysis (Triyastiti and
Krisdiyanto 2017).

Nanocellulose is classified into several
categories (Table 1). These comprise

Table 1. Classification of nanocellulose
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nanocrystalline cellulose (CNC), cellulose
nanofibrils (CNF), and bacterial
nanocellulose (BNC). In each category,
nanocellulose has unique characteristics and
different morphological structures. For
instance, CNC possesses a rod-like
structure with diameters in the range of 3-20
nm and lengths in the range of 100-3,000
nm, while BNC has a ribbon-like structure
with diameters in the range of 30-100 nm
and lengths of 200-3,000 nm (Hitam and Jalil
2022).

Nanocellulose can be prepared from
organic materials that are widely found in
marshland, including swamp
plantations/weeds or agricultural waste, such
as rice husk, rice straw, corn straw, midin,
melastomes, weeping paperbark, bamboo,
palm kernel meal, palm leaf, palm fronds,
coconut shell, and water chestnut. These
materials were characterized for their
cellulose, hemicellulose, and lignin contents,
as summarized in Table 2.

METHODS

There are various methods to
synthesize nanocellulose, including acid
hydrolysis, alkaline solvation, biological,
mechanical, ionic liquid, and deep eutectic
solvent (DES) methods. Acid hydrolysis,
alkaline solvation, ionic liquid, and deep
eutectic solvent are chemical methods.
Meanwhile, the mechanical methods
comprise ultrasonication- and microwave-
assisted treatments.

Acid hydrolysis method

Acid hydrolysis generally employs
strong acids. Strong acids can eliminate
the amorphous regions of the cellulose
chains (Oke 2010). The mechanism of
strong acid hydrolysis is depicted in Figure
1.

In the synthesis of nanocellulose,
sulfuric acid (H>.SO4) is a commonly used
strong acid. A solution of H>SO4 65% was
employed by Arjuna et al. (2018) to
transform cabbage waste into

Parameters Cellulose Nanocrystal Cellulose Nanofibril (CNF) Bacterial Nanocellulose
(CNC) (BNC)
Physical form Rod-like Fiber Ribbon-like
Diameter (nm) 3-20 5-60 30-100
Length (nm) 100-350 50-3000 200-3000
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Figure 1. Acid hydrolysis process

nanocellulose. The hydrolysis process was
carried out at a temperature of 45 °C for 45
min. Prior to hydrolysis, the cabbage waste
was delignified in 400 mL of 4% sodium
hydroxide solution (NaOH) for 4 h, followed
by bleaching in 300 mL of 1.7% sodium
hypochlorite (NaOCI) mixed with 100 mL of
acetic acid buffer with pH 3 and 100 mL of
distilled water for 30 min. Subsequently,
the separation process between H>SO4
and cabbage waste fibers after hydrolysis
was performed in a centrifuge at a rotation
speed of 3,000 rpm for 5 min until a neutral
pH was attained. The characterization
results showed that the increase in the
crystallinity index of the nanocellulose was
62.27% after bleaching and 15.74% after
hydrolysis (Arjuna et al. 2018).

Triyastiti and Krisdiyanto (2018) used a
40% H.SO, solution to prepare
nanocellulose. The process was conducted
at a temperature of 50 °C for 5 hours. Before
the hydrolysis, the midrib of the snakefruit
tree was isolated using a 3.5% nitric acid
(HNO3) solution and sodium nitrite (NaNO3)
at a temperature of 90 °C for 2 hours
(Triyastiti and Krisdiyanto 2018). In another

study, Fitriana et al. (2018) also utilized a
60% H>SO4 solution at a temperature of 60
°C for 1 hour. Prior to the hydrolysis process,
an alkaline treatment was performed using a
1 M NaOH solution at a temperature of 80 °C
for 2 hours. Afterward, the bleaching process
was conducted using a 24% hydrogen
peroxide (H20-) solution at a temperature of
70 °C for 40 minutes (Fitriana et al. 2018).
Julianto et al. (2019) employed a 64% H>SO,
solution at a temperature of 40 °C for 45
minutes. Before the hydrolysis, a bleaching
process was carried out to remove lignin and
hemicellulose fibers in oil palm empty fruit
bunches, resulting in a reduction in the fiber
diameter. After the hydrolysis, the cellulose
was neutralized to achieve pH 7 using a
NaOH solution. The TEM images indicated a
single fiber at 80,000x magnification with a
diameter of 5.1-9.1 nm (Julianto et al. 2017).

In addition to H,SO., hydrochloric acid
(HCl) is also used to synthesize
nanocellulose. This was verified by a study
conducted by Maryam et al. (2019), who
used a 5 M HCI solution to convert coconut
water waste into nanocellulose. The process
was carried out at a temperature of 55 °C for
24 hours. Before the hydrolysis, the coconut
water waste from coconut milk processing
was reduced and dried to obtain bacterial
cellulose (nata de coco) with a diameter of
100 mesh (Maryam et al. 2019).

The acid hydrolysis method was also
employed to enhance the bioconversion of
biomethane using a diluted acetic acid
(CH3COOH) solution. After pretreatment with
a 2% (v/iv) CHsCOOH solution for 24 hours,
the cellulose and hemicellulose content were

Table 2. Characterization results of organic materials for nanocellulose synthesis

Content (%)

No Material - — Ref.
Cellulose Hemicellulose Lignin
1 Melastomes (Melastomataceae) 50.88 20.58 27.71
2 Midin (Stenochlaena palustris) 42.67 21.15 35.76
3. Corn straw (Zea mays) 34.06 37.63 17.03
4, Palm leaf (Elaeis sp.) 42.93 26.33 30.08
5 Rice husk (Oryza sativa) 43.46 23.16 32.69
6 Chinese waterchesnut 43.82 19.17 26.34
(Eleocharis dulcis)
7. Rice straw (Oryza sativa) 40.43 30.72 24.49 (Maftu et al. 2015)
8. Palm bunch (Elaeis sp.) 49.63 20.69 25.60
9. Bamboo (Bambusa vulgaris) 50.11 24.57 2481
10. Palm fronds (Elaeis sp.) 50.14 24.39 25.45
11.  Coconut shell (Cocos nucifera) 46.36 19.65 31.87
12.  Palm kernel meal (Elaeis sp.) 51.56 14.04 34.45
13. Weeping paperbark (Melaleuca 51.03 23.32 34.45
leucandra)
14.  Corncob (Zea mays) 40-60 20-30 15-30 (Ariyantini 2017)
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Table 3. Raw materials, methods, and synthesis products using acid hydrolysis method

No Raw Material Method Nanocellulose Ref.
Products
1. Cabbage waste 1. Delignification, NaOH Nanocellulose (Arjuna et al.
2. Bleaching, NaCIlO - Cl:78,01% 2018)
3. Acid hydrolysis, H2SO4 - D:58,91 nm
2. Midrib of snakefruit 1. Nanocellulose isolation, HNO3s + Nanocellulose (Triyastiti and
tree NaNO2 - Cl:58.42% Krisdiyanto
2. Acid hydrolyis, H2SO4 - D:16.52 nm 2018)
3. Bamboo shoots 1. Alkaline treatment, NaOH - (Fitriana et
2. Bleaching, H202 al. 2018)
3. Acid hydrolysis, H2SO4

4. Oil palm empty fruit 1. Bleaching Nanoparticles (Julianto et
bunches 2. Acid hydrolysis, H2SO4 - D:5.1-9.1nm al. 2017)

5. Coconut waste 1. Synthesis of bacterial cellulose (nata Cellulose (Maryam et
water from coconut de coco) - D:535.8 nm al. 2019)
milk production 2. Acid hydrolysis, HCI
(santan)

6. Rice straw 1. Acid pretreatment - (Peng et al.

2019)

Note: CI = Crystal Index, D = Diameter

significantly reduced by 8.9% and 18.1%
respectively, at 80 °C with a liquid to solid
ratio of 1:10 (v/iw). In this study, the
concentration of acetic acid only had a slight
influence on the conversion compared to the
reaction time, which significantly affected the
extraction of lignocellulose from the straw.
Additionally, the loss of lignin was around 3-
4.7% (Peng et al. 2019).

The acid hydrolysis method enables
the production of nanocellulose with a fairly
high crystallinity index. However, strong
acids have negative impacts due to their
toxic, dangerous, and corrosive nature,
requiring careful handling. Moreover, strong

acid waste must be treated before being
disposed of in the environment to avoid
pollution (Effendi et al. 2015).

Alkaline solvation method

The alkaline treatment method, also
known as mercerization, is performed by
treating cellulose fibers with strong bases
such as NaOH or KOH (Dhali et al. 2021).
Alkaline solvation treatment can be divided
into two methods: heating the alkaline
solution and alkaline cooking using a
digester or autoclave. According to Ng et al.
(2015), the heating method involves
maintaining the alkaline solvent at a

Table 4. Raw materials, methods, and synthesis products using alkali solvents method

No Raw Material Method Nanocellulose Products  Ref.
1. Rice straw 1. Alkaline pretreatment, NaOH - (Hang Shu et al.
2015)

2. Cassava stem 1. Pretreatment - (Lismeri et al.
2. Delignification, Na2SO3 2016)
3.Bleaching, H202,

3. Pineapple fiber 1. Delignification, NaOH Nanocellulose (Evelyna et al.
2.Bleaching, NaOCI - Cl:76.5% 2019)

3. Acid hydrolysis, H2SO4 - D:134-407 nm

4. Onion peels 1. Delignification, C2HsOH Nanofibril (Hertiwi et al.

2.Extraction, H202 + NaOH - CIl: 78.668% 2020)
3. Preparation, H2SO4 - D:12.615 nm
5. Ambon banana peel  1.Cellulose extraction, NaOH Nanocellulose (Nugraha et al.

waste

2.Bleaching, NaOCI
3. Cellulose isolation, (NH4)2S20s

- Cl:60.89-72.40%
- D:12.1-25.4 nm

2021)
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temperature of 70 °C to 90 °C, while alkaline
cooking is carried out at a temperature of
160 °C under high pressure.

The main objective of alkaline
solvation is to improve the probability of
depolymerization and solvation of lignin and
branched hemicellulose hydrolysis, which
releases cellulose content and facilitates
subsequent processing stages (Maurya et al.
2015). However, it is crucial to control the
alkaline solvent treatment to avoid
undesirable  cellulose  degradation or
hindered reactions (Maurya et al. 2015).
Based on literature studies, Table 4 provides
a summary of research investigating the
extraction of nanocellulose using the alkaline
solvation method.

The alkaline solvation method is often
employed after acid hydrolysis treatment to
eliminate the hemicellulose content in
lignocellulosic materials (Sanchez et al.
2011). NaOH and sodium sulfite (NaSOs)
can be used as alkaline solvents for the
synthesis of nanocellulose, with NaOH being
the most commonly used base. Evelyna et
al. (2019) employed a 4 M NaOH solution to
prepare nanocellulose from pineapple fiber
at a temperature of 80 °C for 4 hours. The
pineapple fiber was bleached using 5%
NaOCI, followed by acid hydrolysis using
45% H,SO, at a temperature of 45 °C for 90
hours (Evelyna et al. 2019).

In another study, Hertiwi et al. (2020)
also implemented the alkaline solvation
method using a 4% NaOH solution at a
temperature of 60 °C for 2 hours. Prior to the
extraction process, the onion peel was
delignified with an ethanolic solution with a
1:1 (v/iv) ratio of ethanol to water.
Subsequently, the sample preparation using
50% H.SO, was conducted until suspension
in the solution was formed, followed by
characterization (Hertiwi et al. 2020).
Nugraha et al. (2021) utilized a 1 M NaOH
solution at a temperature of 80 °C for 4
hours. The bleaching process was then
performed using a 1.75% NaOCI solution at
a temperature of 70 °C for 1 hour, followed
by nanocellulose isolation using a 1 M
ammonium  peroxodisulfate  ((NH4)2S20s)
solution within a temperature range of 60-80
°C for 16 hours (Nugraha et al. 2021).

Aqueous sodium sulfite (Na;SOs)
solution with a concentration of 20% (w/w)
was used in a study carried out by Lismeri et
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al. (2016) at 100 °C for 2-3 hours. Prior to
the delignification process using an alkaline
solvent, the cassava stem was pretreated
using an acidic solution with a 1:6 (w/w) ratio
at a temperature of 90 °C for 1 hour.
Subsequently, the delignification process
was performed by bleaching with an H2O:
solution at room temperature for 3 hours.
The results indicated that the pretreatment
triggered the disruption of lignin and
hemicellulose structures. Additionally, the
preparation and the ratio of materials to the
solvent used throughout the experiments
influenced the degradation of lignin (Lismeri
et al. 2016).

The alkaline solvent was also utilized
in the production of biomethane, according
to a study conducted by Hang Shu et al.
(2015). The pretreatment of rice straw was
performed to produce methane using a 1.5
M NaOH solution with a solid-to-liquid ratio
of 1:10, kept at 30 °C for 5 hours. From the
experiments, treatment with the alkaline
solvent altered the lignin content from
10.64% to 5.8%, cellulose content from
38.2% to 81.1%, and hemicellulose content
from 30.8% to 8.23% (Hang Shu et al. 2015).

The drawbacks of the alkaline
treatment method emerge during the
solvation process. In this process, the
glycosidic bond is broken down to break the
lignin structure. Consequently, the lignin
cannot preserve the cellulose during the
dissolution process, leading to the formation
of cellulose monomers (glucose).

Biological Methods

Nanocellulose can be synthesized
using biological methods with the help of
bacteria. The one that is frequently used is
Acetobacter xylinum. A. xylinum is a type of
gram-negative bacteria that is able to
produce cellulose and acetic acid during its
growth. The resulting cellulose subsequently
forms a dense form of fibrils known as nata.
At the time of his death, Felasih et al. (2010)
applied biological methods using A. xylinum.
A. xylinum is grown in coconut water as its
medium. The cellulose production is carried
out at a temperature of 30 £ 2 °C for 14 days
(Felasih et al. 2010).

Nanocellulose production using A.
xylinum in the medium of coconut water has
also been done by Ifadah et al. (2015) within
14 days (Ifadah et al. 2015). Afterwards,



Wibowo et al. (2016) used coconut water,
which contains 91.2% water, 0.29% protein,
0.15% fat, 7.27% carbohydrates, and 1.06%
ash, to grow A. xylinum. A. xylinum produces
extracellular enzymes that are capable of
polymerizing sugar (glucose) into thousands
of cellulose chains (Wibowo and Isroi 2016).

In addition to using coconut water, A.
xylinum can also grow on pineapple peel
extract medium at a temperature of 30 °C for
14 days (Muhajir et al. 2018) and in sago
liquid waste medium with the addition of
granulated sugar as the source of nitrogen
and glacial acetic acid to regulate the pH to
about 4-5 (Ahmad et al. 2019).

Besides A. xylinum, A. niger can also
be used to synthesize bacterial
nanocellulose. The same research by Hang
Shu et al. (2015) used A. niger with the
same material but applied biological
pretreatment. This involved adding straw to
an autoclave at a temperature of 121 °C for
20 minutes, followed by adding A. niger to it
at a temperature of 30 °C for 5-15 days. The
results obtained after 5 days of the
experiment showed a reduction of lignin from
10.64% to 10.43%, cellulose from 38.2% to
37.29%, and hemicellulose from 30.8% to
30.6% (Hang Shu et al. 2015).

The biological method has a drawback,
which is the difficulty in obtaining certain
enzymes in a pure state. Additionally, the
time required to obtain cellulose tends to be
longer compared to chemical methods.

Mechanical method
According to Phanthong et al. (2018),
the mechanical method is a process of
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isolating cellulose fibers by applying high
shear force to separate cellulose fibers
longitudinally, which will produce cellulose
nanofibrils (CNF). The commonly used
approaches in the mechanical method are
high-pressure homogenization (HPH),
ultrasonication, and ball grinding (Phanthong
et al. 2018).

High-pressure homogenization (HPH)
occurs when the cellulose slurry passes into
the high-speed and high-pressure process
vessel (Abdul Khalil et al. 2014).
Ultrasonication is a process of defibrillating
cellulose fibers with hydrodynamic force
caused by ultrasound. In this process,
mechanical isolation forces are applied,
resulting in the formation, expansion, and
bursting of microscopic gas bubbles when
liquid molecules absorb ultrasonic energy
(Zhou et al. 2012). Another mechanical
method that can defibrillate cellulose is ball
grinding. This method causes a shear force
between the balls and the surface of the
container, resulting in cellulose fibers with a
smaller diameter due to cracks in the
cellulose structure (Kim et al. 2013).

In their study, Saputri and Sukmawan
(2020) used the ultrasonication method to
obtain nanocellulose. The preparation
involved cutting, drying, smoothing, and then
shrinking the sample with a grinder, followed
by sieving to obtain a water content of 4-5%.
Subsequently, there was a washing and
stirring step at a temperature of 80 °C for 1
hour, followed by another wash with cold
water. Delignification was carried out using a
5% NaOH solvent at a temperature of 80 °C
and a speed of 250 rpm for 3 hours. Before

Table 5. Raw materials, methods, and synthesis products using biological method

No Staple Method Nanocellulose Result Reference
1. Coconut Water Enzymatic, A. xylium Bacterial nanocellulose (Felasih 2010)
- h:0.09-0.1 mm
2. Coconut Water Enzymatic, A. xylium Bacterial nanocellulose (Ifadah et al.
- h:4.37-8.76 mm 2015)
3. Rice straw Enzymatic, Aspergillus niger - (Hang Shu et al.
2015)
4. Coconut Water Enzymatic, A. xylium Bacterial nanocellulose (Wibowo and
Isroi 2016)
5. Pineapple Peel Enzymatic, A. xylium Bacterial nanocellulose (Muhajir et al.

6. Sago Liquid Waste  Enzymatic, A. xylium

- Cl: 74-83% 2018)
- D:0.99-1.05 nm

Bacterial nanocellulose (Ahmad et al.
- h:21.8mm 2019)
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Table 6. Raw materials, methods, and synthesis products using mechanical method

No Staple Method Nanocellulose Result Reference
1. Palm trunk 1. Preparation (Saputri and
2. Pre-treatment Sukmawan
3. Delignification, NaOH 2020)
4. Oxidation, NaOH
5. Bleaching, H202
6. Blending
7. Ultrasonication
2. Microcrystalline 1. Ultrasonication, H2SO4 (Kos et al.
cellulose (MCC) 2. Microwave 2014)
3. Centrifugation
4. Purification
3. Bagasse 1. Bleaching, NaOH (Saputri and
2. Extraction, distilled water + H202 + Sukmawan
NaOH 2020)
3. Blending

4, Wild bushes 1
2. Ultrasonication

5. Snake fruit 1. Acid hydrolysis
midrib 2. Ultrasonication
bleaching, the NaOH solvent was oxidized to
reach pH 11, and then the sample was
bleached using H,O: at a temperature of 80
°C for 2 hours. The next step involved
blending it at 21,000 rpm for 10 minutes,
followed by ultrasonication using an
ultrasonic cell crusher for 10 minutes. The
test results showed that the raw fiber still
contained a mixture of crystaline and
amorphous structures. After the bleaching
process, the amorphous content was slightly
reduced. Then, after the blending process,
the fiber became more organized and
shorter, while after ultrasonication, the fiber
became smaller, and the crystalline
structures became more visible (Saputri and

Sukmawan 2020).

Mechanical method uses a microwave
to synthesize nanocellulose. First,
microcrystalline cellulose, up to 0.5 g, is
added with 10 g H»SO; with varying
concentrations as listed. The formed
suspension is then ultrasonicated for 5
minutes. The sample is heated to the listed
temperature for 1 minute and kept constant
for 10 minutes. After that, it is cooled at a
temperature of 50 °C for 2 minutes. During
the process, each variation is stirred at a
speed of 600 rpm. Once the reaction is
complete, remove the sample from the
microwave and cool it under a tap water until
it reaches room temperature. The cooled
suspension is later transferred to a 15 mL
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. Acid hydrolysis, H2SO4

Nanocellulose
- D:1,223-3,502 ym

(Widiastuti and
Marlina 2020)

Nanocellulose

- CI: 70.4%
plastic tube and centrifuged at a speed of
4700 rpm for 10 minutes to remove excess
acid and water. The precipitate formed is
purified by washing it 5 times with 5 x 50 mL
deionized water and repeating the
ultrasonication process for 5 minutes,
followed by grinding (centrifugation) at a
speed of 9000 rpm for 20 minutes. The final
purification step involves sonication for 30
minutes with a power of 230 W cm, and the
obtained pH after ultrasonication is between
4 to 5. The formed nanocrystals are
determined gravimetrically by drying the
precipitate after shaking it at a speed of
8000 rpm under vacuum conditions at a
temperature of 40 °C for 10 minutes. The
best results were obtained at the
concentration of H.SO4 with a crystal index
of 68-82% (Kos et al. 2014).

The mechanical method uses a
blender to synthesize nanocellulose. As
presented by Saputri and Sukmawan (2020),
before blending the bagasse, it is first
bleached using a 5% NaOH solvent.
Furthermore, extraction is carried out to
remove lignin using a mixture of distilled
water, H>O,, and NaOH, and then the
blending process is conducted. From the
blending results, the sample with a
concentration of 0.7% contains more
nanocellulose than others, with a high
degree of crystallinity (Saputri and
Sukmawan 2020).

(Yudha 2018)



In a study by Widiastuti and Marlina
(2020), the mechanical method of
ultrasonication is performed for 20 minutes.
Before sonication is conducted, the H,SO4
64% solvent is bleached first. The result of
this process is in the form of nanocellulose
with a diameter of 1.223-3.502 (Widiastuti
and Marlina 2020). Other ultrasonication
mechanical methods were also carried out in
studies conducted by Yudha et al. (2018).
Before sonication is done, the snake fruit
midrib is hydrolyzed with acid first. The
results of this process are nanocellulose with
a crystal index of 70.4% and a diameter of
<100 nm (Yudha, 2018).

Mechanical methods have the
disadvantage of high production costs,
including tools and materials. Additionally,
this method requires more energy compared
to chemical methods.

lonic liquid method

The ionic liquid method is utilized for
the synthesis of nanocellulose by dissolving
cellulose  through the disruption of
intermolecular hydrogen bonds. lonic liquids
are classified as non-derivatization solvents
and their ability to dissolve cellulose
depends on the size and polarity of their
anions and cations. The cation in the ionic
liquid replaces the oxygen atom of the
cellulose-OH group, while the anion replaces
the hydrogen atom of the cellulose-OH group
(Wang et al. 2017).

Research has shown that chloride
anion (CI) can dissolve cellulose more
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effectively than other anions (Swatloski et al.
2002). In the study conducted by Wang et al.
(2017), the CI- anion was paired with the 1-
butyl-3-methyl-imidazolium cation ([Bmim]*)
using the ionic liquid [Bmim]Cl to dissolve
cellulose from bleached bagasse. This
process was carried out at a temperature of
130 °C with the assistance of a microwave
for 2 hours. Similarly, Phanthong et al.
(2017) used the ionic liquid [Bmim]Cl to
dissolve cellulose from cellulose powder.
This process was performed at room
temperature using ball milling at a speed of
400 rpm for 2 hours. Additionally, CI" anions
can also be combined with [Emim] and
[Pmim] to form ionic liquids for the
dissolution of cellulose from microcrystalline
cellulose (MCC). This process was
conducted at a temperature of 100 °C for 12
hours (Babicka et al. 2020).

Apart from the CI anion, [Bmim] can
also be combined with other anions to form
1-butyl-3-methyl-imidazolium acetate
([Bmim]OACc) and 1-butyl-3-methyl-
imidazolium tetrafluoroborate ([Bmim]BF4).
Abushammala et al. (2015) used the ionic
liquid [Bmim]OAc to dissolve cellulose from
wood flower at a temperature of 60 °C for 4
hours, while Eksiler et al. (2017) employed
the ionic liquid [Bmim]BF4 to dissolve
cellulose from Palm mesocarp at room
temperature for 3 hours (Abushammala et al.
2015; Eksiler et al. 2017).

Then, Asim et al. (2021) conducted
delignification testing using the acid ionic
liquid (AIL) method. In the aforementioned

Table 7. Raw materials, methods, and synthesis products using ionic liquid method

No Staple Method Nanocellulose Result Reference
1. Wood flower lonic liquid, [Bmim] OAc, Nanocrystal (Abushammala
- D:2-5nm et al. 2015)
- Cl: 75%
2. Bleached bagasse lonic liquid, [Bmim] CI Nanoparticles (Wang et al.
- D:10-20 nm 2017)
- Cl:36%
3. Cellulose powder lonic liquid, [Bmim] ClI Nanocrystal (Phanthong et
- D:10-25 nm al. 2017)
- Cl:66%
4. Palm trunk lonic liquid, [Bmim]BFa4 Nanoparticles (Eksiler et al.
mesocarp - D:127 nm 2017)
- Cl:27%
5. Microcrystalline lonic liquid, [Emim] CL and [Pmim] CI  Sigmacell (Babicka et al.
Celullose (MCC) - D:100 nm 2020)
6. Rice straw lonic liquid, [PyH] [HSOa4], [PyH] - (Asim et al.
[HSO4.H2S04)], and [PyH] [HSO4 2021)

.H2S04)3]
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study, three protic ionic liquids based on
pyridinium cation and hydrogen sulfate anion
(HSO4) were synthesized: [PyH] [HSO4]
(IL1), [PyH] [HSO4.H2S04)] (IL2), and [PyH]
[HSO4.H2S04)3] (IL3), and were used to
isolate lignocellulose in straw. From the
conducted experiments, the most effective
ionic liquid in terms of lignin removal was the
compound IL3, characterized by a high
delignification rate (79%) and lignin recovery
(77%) at a temperature of 60 °C for 2 hours
(Asim et al. 2021).

In contrast to molten salt, ionic liquids
generally have high viscosity and melting
points, making them corrosive. However, at
room temperature, ionic liquids are typically
in a liquid state and have relatively low
viscosity, making them non-corrosive (Stolte
et al. 2006). lonic liquids can dissolve whole
cellulose biomass or selectively remove
lignin and hemicellulose (Elgharbawy et al.
2016). Although ionic liquids are considered
"green solvents," further studies on their
toxicity towards enzymes and
microorganisms should be conducted, and
low-cost technologies for recovery and reuse
should be carefully considered before their
application (Dhali et al. 2021).

Deep eutectic solvent (DES) method

Deep eutectic solvent (DES) is a new
generation of ionic liquids with physical and
chemical properties equivalent to ionic
liquids (Abbott et al. 2004). This solvent
typically consists of two compounds: a

hydrogen bond donor and a hydrogen bond
acceptor (Le Gars et al. 2020). The
interaction between these two compounds
leads to eutectic mixtures with lower melting
points compared to their individual
constituents. Based on the nanocellulose
surface, DES can be categorized into two
types: DES derivative and DES non-
derivative (Jiang et al. 2021). DES offers
several advantages over the ionic liquid
method, including affordability, non-
flammability, non-toxicity, thermodynamic
stability, and biodegradability (Liu et al.
2017; Wang et al. 2020b). Furthermore,
studies have shown that pre-treatment with
DES from lignocellulosic biomass facilitates
easier lignin recovery while preserving the
integrity of cellulose, making it suitable for
producing high-value chemical compounds
(Francisco et al. 2012; Alvarez-Vasco et al.
2016; Tang et al. 2017; Kuang et al. 2018;
Das et al. 2018; Wang et al. 2020a).

A study by Sirvio et al. (2015) utilized
DES method to synthesize nanocellulose
from bleached birch pulp. Choline chloride
was used as the acceptor, while urea served
as the donor. The synthesis was conducted
in a round-bottom flask at a temperature of
100 °C for 15 minutes, resulting in
nanocellulose with a diameter of 2-5 nm
(Sirvio et al. 2015). In another experiment
conducted by Li et al. (2018), DES method
was employed to synthesize nanocellulose
from dialdehyde cellulose. Aminoguanidine
hydrochloride was used as the acceptor, and

Table 8. Raw materials, methods, and synthesis products using deep eutectic solvent (DES) method

No  Staple Method Nanocellulose Result Reference
1. Bleached birch pulp DES, cholin chloride-urea Nanofibril (Sirvio et al.
- D:2-5nm 2015)
2. Dialdehyde DES, aminoguanidine Nanofibril (Li etal.
cellulose hydrochloride-glycerol - D:4.6-5.7 nm 2018)
- Cl:64%
3. Wheat DES, cholin chloride-levulinic acid Nanofibril (Suopajarvi
- D:4-6 nm et al. 2020)
- Cl: 38-54%
4. Softwood pulp DES, ammonium formate-organic Nanocrystal (Jaekel et
acid - L:100-300 nm al. 2021)
-D:10 mm
5. Dissolving DES, guanidine hydrochloride- Nanoparticles (Sirvio
pulp/microcrystalline phosphoric acid - D:5.6-5.8 nm 2019)
cellulose
6. Sorghum straw DES, ChCI-EG, ChCI-UR, ChCI- - (Wu et al.
GLY, ChCI-LAC, ChCI-MA, ChCI-CA, 2021)

150 °C
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glycerol was used as the donor. The
synthesis was carried out at a temperature
of 70 °C for 10 minutes, Yyielding
nanocellulose with a crystal index of 64%
and a diameter of 4.6-5.7 nm (Li et al. 2018).

The development of nanocellulose
extraction by the DES method does not stop
there. Subsequent research was conducted
by Suopajarvi et al. (2019) using DES
method to  synthesize wheat into
nanocellulose. Choline chloride is used as
an acceptor, while levulinic acid is used as a
donor. The synthesis is carried out at a
temperature of 70 °C for 10 minutes. The
results obtained are in the form of
nanocellulose with a crystal index of 38-54%
and a diameter of 4-6 nm (Suopajarvi et al.
2020). Another study was conducted by
Jaekel et al. (2021) using DES method to
synthesize nanocellulose. Ammonium
formate is used as an acceptor, while
organic acids such as glycolic, lactic, and
levulinic acid are used as donors. The
synthesis is carried out inside an autoclave
at a temperature of 180 °C for 4 hours. The
results obtained are in the form of
nanocellulose with a length of 100-300 nm
and a diameter of 10 nm (Jaekel et al. 2021).

DES demonstrated the highest
effectiveness in terms of producing
nanocellulose. DES can be highly effective in
selectively removing lignin components while
ensuring the integrity of cellulose and
hemicellulose fractions (Satlewal et al.
2018). Lignin is the most abundant
biopolymer after cellulose, constituting 30%
of the organic carbon on Earth (Boerjan et al.
2003). Approximately 50% of lignin
components are aromatic hydrocarbons with
the potential to be used as fuel and produce
aromatic chemical compounds (Xu et al.
2014). Fuels derived from lignin can exist in
solid, liquid, or gas forms, such as biochar,
transport fuels, or syngas (Tripathi et al.
2016). Numerous studies have employed
DES for lignin extraction, and DES acids
containing hydrogen bond donor (HBD)
acids have demonstrated higher lignin
extraction efficiency compared to other DES
(Tan et al. 2019). Lignin extraction using
DES choline chloride-lactic acid (CC-LA)
yields approximately 80.64 1% lignin, while
DES choline chloride-formic acid (CC-FA)
yields approximately 85.84 +1.07% lignin.
Lignin CC-FA is suitable as a carbon source
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due to its thicker structure and higher
charcoal residue, whereas lignin CC-LA is
recommended as an aromatic raw material
for depolymerization processes due to its
high B-O-4' bond content and volatility (Tan

et al. 2020).
Wu et al. (2021) conducted a study on
the improvement of enzymatic

saccharification of sorghum straw through a
combined delignification method involving
pretreatment with alkaline extraction and
DES submersion. The material used in this
study was sorghum straw. The first
pretreatment method involved alkaline
extraction using NaOH. Sorghum straw was
soaked in a small amount of NaOH solvent
(0.75% wt) at an S/L ratio of 1:10 (wt:wt) and
autoclaved at 121 °C for 1 hour.
Subsequently, DES submersion was carried
out by mixing 75 g of DES (ChCILEG,
ChCI:UR, ChCILGLY, ChCILAC, ChCIMA,
or ChCI:CA) with 5 g of sorghum straw at a
temperature of 150 °C. In this study, ChCI
was used as the hydrogen bond acceptor
(HBA), and six different types of hydrogen
bond donors (HBD) were employed, namely
EG: ethylene glycol, UR: urea, GLY: glycol,
LAC: lactic acid, MA: malic acid, and CA:
citric acid. Based on the experiments, it can
be concluded that the DES pretreatment
method is optimal when using ChCI:LAC-SS,
which achieved a lignin removal rate of 49%.
Furthermore, the DES submersion results
with ChCI:LAC-SS were further optimized by
combining with NaOH. The parameters used
included the S/L ratio (1:10, 1:25, 1:20, 1:25
wt:wt), 5 g of dry sorghum straw pretreated
with NaOH extraction mixed with 75 g of
DES, with varying temperatures (120, 130,
140, 150, and 160 °C) and duration (20-60
minutes). In this study, the pretreatment
using only ChCI.LAC-SS DES immersion
was not as effective as the one with alkaline
pretreatment. Alkaline delignification (NaOH
extraction) resulted in approximately 66.9%
cellulose delignification, which significantly
differed from the 49% lignin removal
achieved by ChCILAC-SS DES-based
delignification. Therefore, combining alkaline
extraction (AE) with DES in the sequence
AE-ChCI.LAC-SS and ChCI:.LAC-SS-AE
produced different percentages of
delignification, with each achieving
approximately 79.3% and 78.4%
delignification, respectively (Wu et al. 2021).
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Table 9. Comparison of methods

Acid

Parameters . Alkali Solvent Biology Mechanical lonic Liquid DES
Hydrolysis
Tem?,ecr;‘t“re 40-60 30-100 302 - 30-120 30-180
Time (hours) 3/,-24 2-120 120-360 17,-1 2-12 1 —24
ClI (%) 58.42-78.01 60.89-78.67 74-83 68-82 27-75 38-64
D (nm) 5.91-535.8 12.1-407 0.99-1.05 <100 2-127 2-10
Waste Hazardous Hazardous Safe Hazardous Safe Safe

The hydrolysis process is necessary to
separate cellulose and hemicellulose.
However, the conventional hydrolysis
process involves the use of strong acids and
bases that are toxic, and the resulting waste
must be treated before disposal. Yang et al.
(2020) discovered a method to separate
cellulose and hemicellulose using the solvent
y-valerolactone (GVL) (Yang et al. 2020).
GVL does not contain harmful compounds,
halogens, or phosphorus (Alonso et al.
2013).

Comparing the various methods of
producing nanocellulose mentioned above,
we can evaluate them based on
temperature, time, crystal index (Cl),
diameter (D), and waste generated.

Based on the comparison table above,
the acid hydrolysis, alkali solvent, and
mechanical methods produce hazardous
waste, which necessitates treatment before
disposal. Although biological methods
generate harmless waste, the manufacturing
process is time-consuming. The ionic liquid
and DES methods produce environmentally
safe waste, with lower temperature, shorter
processing time, and smaller diameter
compared to the other methods. The lignin
waste obtained from DES extraction can be
separated using appropriate solvents and
used as an aromatic feedstock, making the
Table 10. Application of nanocellulose in film

DES method more extensively studied than
the ionic liquid method to date (Dhali et al.
2021).

APPLICATION OF NANOCELLULOSE

Application in film

The application of nanocellulose in film
packaging has been explored in several
studies. Iriani et al. (2015) investigated the
use of nanocellulose as a nanofiller in
polyvinyl alcohol-based composite films.
Nanocellulose was obtained from pineapple
leaf fiber through an acid hydrolysis process
using 60% H,SO, at a temperature of 45 °C
for 60-90 minutes, followed by sonication for
20 minutes. The resulting nanocellulose had
an average size of 284.6 nm. Similarly,
Chaichi et al. (2017) and Sutay Kocabas et
al. (2021) used cellulose nanocrystals (CNC)
as an additional material in edible films for
packaging.

Muhaijir et al. (2019) investigated the
use of nanocellulose as a filler in films.
Nanocellulose was obtained from bagasse
through an enzymatic process using
Acetobacter xylinum for 14 days. Aguilar-
Sanchez et al. (2021) used CNC and
cellulose nanofibers (CNF) as a coating for
polyether sulfone (PES) membranes. The
results showed a significant decrease in the

Application Material Result Reference
Nanofiller film Nanocellulose from The addition of nanocellulose improves the  (Iriani et al.
composites for pineapple leaf fiber, PVA, crystallinity properties of PVA-based 2015)
packaging (plastic) and glycerol composite films

Nanocellulose Pineapple peel waste, The addition of bacterial nanocellulose (Muhajir
bacteria film filter or ~ Acetobacter xylinum increases tensile strength and young 2019)

sensor application

Bionanocomposite Pectin and nanocrystal
edible film, for food  cellulose (CNC)

packaging

Biodegradable film Bulgur bran and cellulose
from bulgur bran, nanocrystals (CNC),

for packaging commercial cellulose
applications nanoparticles (CNF)

Nanocellulose asa  Polyethersulfone (PES) and
membrane coating nanocrystal cellulose (CNC)
polyether sulfone

(PES)

modulus of the film

The addition of 5% CNC concentration (Chaichi et
increases tensile strength by 84% and al. 2017)
decreases water vapor by 40%

The addition of 10% CNC and CNF (Sutay
reduces the film water solubility (FWS) by Kocabas et
21.3% compared to the untreated film. al. 2021)

The membrane coated with CNC or T-CNF  (Aguilar-
shows a significant decrease in Sanchez et
contaminating organic compounds, as al. 2021)
indicated by a decrease in surface

roughness.




contamination of organic compounds, as
indicated by a decrease in surface
roughness, when the membranes were
coated with CNC or T-CNF.

Based on the above examples, the
addition of nanocellulose (NC) as a
nanocomposite has been shown to improve
the physical characteristics of biofilms. The

addition of NC improves crystallinity
properties, increases tensile strength,
reduces water permeation, solubility in

water, and prevents contamination by
organic compounds. Additionally, the use of
nanocellulose in films contributes to
environmental sustainability due to its
biodegradability.

Application in polymers

Most of the time, nanocellulose derived
from biomass is used in the form of
nanocomposites with other materials in
polymer applications. The development of

Table 11. Nanocellulose in polymer application
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makers, polymer reinforcing agents, fillers,
and recyclable thermoplastics (Marakana et
al. 2021).

While food packaging has been a
primary application for synthetic polymers,
there is now a growing focus on reducing the
accumulation of solid waste from synthetic
food packaging due to its environmental
impact (Geyer et al. 2017). However, one
main disadvantage of biopolymers
mentioned earlier is their fragility and
complexity, making it crucial to incorporate
natural fibers as reinforcing components to
improve their mechanical properties (Jamr et
al. 2019). Cellulose, a natural polymer, holds
great promise in this regard. Through
various pre-treatment methods, cellulose
can be converted into nanocellulose and
microcrystalline cellulose (MCC), which can
enhance the mechanical resistance of films
(llyas Rushdana et al. 2017; Mishra et al.
2018). As the demand for efficient and

Application of Material Result Reference
Nanocellulose
Addition of nanocellulose Empty palm Cellulose produces better biofoam (Nurfitasari 2018)
for replacing styrofoam bunches characteristics than nanocellulose.

Cellulose modification increases density,

tensile strength, and decreases water

absorption
Nanocellulose as filler in Manioc Addition of nanocellulose increases (Wicaksono et al.
bioplastic tapioca used for bioplastic thickness and inhibits light, UV 2021)
product packaging light, and visible light
Cotton leaf nanocellulose Cotton leaf Cotton leaf nanocellulose increases water (Khalid et al.
potential as an injection viscosity, enhancing the effectiveness 2020)
water viscosity enhancing and efficiency of the enhance oil recovery
agent for EOR (Enhanced method in the petroleum industry
Oil Recovery) process
Biocomposite PLA powder The results of mixing the NCF with (Ghasemi et al.

nanocellulose PLA

The addition of CNP
(Cellulose Nanoparticle)
from potato peels on PVA
biopolymer to improve the
active packaging
characteristic

(Matrix) and pulp
linter (booster)

Potato peels

Maleated PLA increased the
characteristic natures of the tensile
modulus by 40% and the tensile strength
increased from 22.4 MPa to 69.3 MPa
from the addition of 5% (w/w) NCF

With  the additon of CNP, the
characteristics of PVA-CNP
nanocomposite increase the value of
tensile strength and elongation.
Therefore, biopolymer active packaging
based on the addition of CNP is more

2018)

(Ramesh and
Radhakrishnan
2019)

bio-composite based materials has gained
attention among scientists, with biopolymers
such as polylactic acid (PLA), chitosan,
cellulose, lignin, etc. being used as bioplastic

i‘lexi'blle materials increases, there have been
several developments and research on the
addition of various types of composite films
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combined with nanocellulose (NC) and
MCC.

For example, Nurfitasari (2018)
conducted a study comparing the
manufacture of biofoam using different types
of cellulose from oil palm empty fruit
bunches. The best functional characteristics
were achieved with cellulose from empty
palm bunches (STKS), while nanocellulose
caused the biofoam paste to be too thin to
improve mechanical properties. The best
biofoam was obtained with a 5%
concentration of STKS, showing the lowest
absorption and compressive strength but the
highest density (Nurfitasari 2018).

In addition to empty palm bunches,
Wicaksono et al. (2021) used nanocellulose
as a filling material in the making of tapioca
biofoam. Nanocellulose was obtained from
manioc bark wusing the acid hydrolysis
method with H.SO, 6.5 M for 20 minutes.
The size of the nanocellulose obtained
ranged from 20-150 nm. The results showed
that the use of nanocellulose fiber proportion
increased the thickness of bioplastics and
inhibited light in UV light and visible light
(Wicaksono et al. 2021).

Khalid et al. (2020) also conducted
physical properties testing on biopolymer
with the addition of NC, using nanocellulose
as a viscosity enhancement agent in
polymer injection. Nanocellulose was
obtained from cotton leaves through the
ultrasonication process using an ultrasonic
bath for 1 hour. The results showed that
KLNC (cotton leaf nanocellulose) increased
the viscosity of water, thereby increasing the
effectiveness and efficiency of the enhanced
oil recovery method in the petroleum industry
(Khalid et al. 2020). Ghasemi et al. (2018)
used nanocellulose together with polylactic
acid (PLA) to make biocomposites. The
results of mixing the NCF with maleated PLA
increased the characteristic natures of the
tensile modulus by 40% and the tensile
strength increased from 22.4 MPa to 69.3
MPa from the addition of 5% (w/w) NCF
(Ghasemi et al. 2018).
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In a study conducted by Ramesh and
Radhakrishnan (2019), adding cellulose
nanofibrils (CNF) from potato peelings to
PVA biopolymers improved the
characteristics of active packaging. With the
addition of CNF, the characteristics of PVA-
CNF nanocomposite increased the value of
tensile strength and elongation. Therefore,
biopolymer active packaging based on the
addition of CNF became more elastic and
pliable (Ramesh and Radhakrishnan 2019).

From the studies mentioned above, it
can be concluded that nanocellulose has
significant potential as a biopolymer. The
addition of nanocellulose in various studies
has shown improvements in the physical
characteristics of the materials. It enhances
tensile strength, elongation, tensile modulus,
and viscosity, while also increasing the
thickness of modified composites.
Nanocellulose is a promising additive in
polymer matrices due to its renewable and
biodegradable nature, as well as its
abundance in nature. However, it is
important to note that the optimal
concentration of nanocellulose in film
formulas has certain limits, as higher
concentrations may negatively impact the
mechanical properties and heat stability of
the composite film (Owolabi et al. 2020;
Abral et al. 2020; Ahankari et al. 2021).
Therefore, further studies are required to
explore these effects in more detail.

Application in medical and cosmetic

Fikri (2017) utilized nanocellulose
derived from sweet potato leaves with a
carbohydrate content of 8.82% through a
45-minute hydrolysis acid method using
H.SO. 45%. This nanocellulose was used
in the production of gel masks. Similarly,
Bongao et al. (2020) employed
nanocellulose from pili pulp as an anti-
aging ingredient in cosmetics, obtained
through hydrolysis acid method (Bongao et
al. 2020).
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Table 12. Application of nanocellulose in medical and cosmetic fields

Application of Material Result Reference
Nanocellulose
Gel face mask Red sweet potato The tensile strength increases with the (Fikri 2017)

Anti-aging in cosmetics

Drug conductor for
antimicrobial wound
dressing

Alginate hydrogel as a
drug conductor

Drug-conducting
composite hydrogel for
cancer therapy

leaf (nanocellulose)

Pili pulp
(nanocellulose)

CNC medical
cotton,
polyvinylpyrrolidone
(PVP)

Magnetic
nanocellulose (m-
CNCs) from CNC
rice husk

Agrosa, CNC,
polydopamine
(PDA)

addition of nanocellulose

The optical nature of cellulose suspensions
is almost equal to that of conventional
mineral-based  nanoparticles used in
cosmetic

The concentration of the drug slowly
increases and remains constant after 48
hours

Magnetic  nanocellulose improves the
physical and mechanical properties of
alginate hydrogel, increases swelling, and
decreases the rate of drug release

Compared to a single tissue hydrogel, the
composite hydrogel achieves drug release
of up to 86.3% through sustained release for
8 days at a pH of 5.5

(Bongao et al.
2020)

(Taher et al.
2020)

(Supramaniam et
al. 2018)

(Ning et al. 2021)

Nanocellulose also finds applications
in the healthcare sector. Taher et al.
(2020) employed a mixture of nanocrystal
cellulose (CNC) and polyvinylpyrrolidone
(PVP) as a drug conductor for antimicrobial
wound dressings in the form of honey.
CNC was obtained from the synthesis of
medical cotton using a 1M NaOH alkaline
solvent method at a temperature of 160 °C
for 2 hours. The release of honey from the
film followed first-order kinetics, with a
sustained release of the active ingredient
over 48 hours. The nanocellulose film also
exhibited significant antimicrobial activity
against both gram-positive and gram-
negative bacteria (Taher et al. 2020).

Then, Supramaniam et al. (2018) using
magnetic nanocellulose (m-CNCs)
synthesized from cellulose nanocrystals
(CNCs) from rice husks in the making of
alginate hydrogel. CNCs is synthesized
using the acid hydrolysis method. The
results show that magnetic nanocellulose
improves the physical and mechanical
properties of alginate hydrogels, increases
the swelling and decreases the rate of drug
release (Supramaniam et al. 2018).

Besides Ning et al. (2021) also uses
cellulose nanocrystals (CNC) as the
hydrogel composite material for drug-
conducting paclitaxel (PTX) towards cancer
therapy. CNC is combined with agrosa and
polydopamine (PDA). Compared to single
tissue hydrogel, Composite hydrogel

produce drug release up to 86.3% through
sustained drug release for 8 days at a pH of
5.5 (Ning et al. 2021).

From some of the above applications,
nanocellulose is able to increase the tensile
strength properties in the cosmetic field.
Furthermore, nanocellulose is also able to
reduce the release rate of drugs in the
cosmetic field.

Application in fuel and energy storage

The bioconversion of lignocellulosic
biomass into renewable biomass-based fuels
has garnered significant attention in recent
years. The current market demands
necessitate the development of
environmentally friendly products derived
from new and renewable resources. The
production of bioethanol from lignocellulosic
biomass offers numerous advantages in
terms of environmental impact and energy
sustainability. Biomass is an economically
viable raw material that is considered
sustainable and renewable. It serves as a
potential  alternative to  fossil-derived
products, particularly in the energy sector,
encompassing heat generation, fuel
production,  materials, and chemical
compounds (Menon and Rao 2012).

Among the various pretreatment
methods, the acid method employing H2SOa4
is widely practiced due to its effectiveness in
dissolving the holocellulose content while
preserving the CNC integrity (Usov et al.
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2015). Consequently, many industries utilize
this method due to its inclination towards
green processes (environmentally friendly
processes) that enable the reuse of the acid
solvent for the holocellulose content, renewal
of the utilized materials, and separation of
degraded sugar content for subsequent
biofuel production via fermentation (Klemm

demonstrate superior temperature, time, and
diameter control compared to other methods.
However, the DES method has gained more
prominence in recent times over the ionic liquid
method due to the possibility of separating
lignin waste from the DES solvent. The
extracted lignin can be utilized in the
production of fuel and aromatic compounds,

et al. 2018). while the solvent can be reused.
Table 13. Application of nanocellulose in fuel
Application of Material Result Reference
Nanocellulose
Bioethanol Palm trunk Nanocellulose derived from biomass in the form (Adojo and
of palm trunks, rubber wood, and other hardwood Setyawan 2018)
mixtures has the potential to produce ethanol with
conversions of 66%, 57%, and 60%, respectively.
BC Nanofiber with Bacterial Replacing conventional electrodes with BC (Guo et al.
derived materials as nanocellulose Nanofiber-based electrodes can increase the 2020)
electrodes in (BNC) capacity of lithium-ion batteries and improve
various energy battery cycle stability
storage devices
Bioethanol Biomass Among the various pretreatment methods used (Ko et al. 2020)
formosan alder  for producing bioethanol and nanocrystal
cellulose (CNC), the best results were obtained
using the Filter Paper (FP) Method pretreatment,
yielding 383.4 mg glucose per gram of biomass,
with a sugar fermentation yield of 4.18 g
bioethanol per gram of biomass, and a CNC
crystallinity of 613.93 nm
Biofuel Whatman filter Biofuel conversion in cellulose Il (amorphous (Pirani and
paper cellulose from hydrolysis waste) is 30% higher Hashaikeh
than in cellulose I (original cellulose) 2013)
Admojo and  Setyawan  (2018) Nanocellulose finds application in diverse

investigated the utilization of nanocellulose
for bioethanol production. Nanocellulose
derived from biomass sources such as palm
trunks, rubber wood, and other hardwood
mixtures exhibited ethanol conversion rates

of 66%, 57%, and 60%, respectively
(Admojo and Setyawan 2018).
Furthermore, Guo et al. (2020)

explored the application of bacterial cellulose
(BC) as an electrode material in various
energy storage devices, including batteries.
Substituting conventional electrodes with BC
nanofiber-based electrodes demonstrated
increased capacity in lithium-ion batteries
and enhanced battery cycle stability (Guo et
al. 2020).

CONCLUSION
Among the various methods of
nanocellulose synthesis, both the ionic liquid

and DES (Deep Eutectic Solvent) methods
offer environmentally safe waste and
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fields such as film production, polymer
science, cosmetics, medicine, fuel, and energy
storage, where it enhances physical and
mechanical characteristics.

ACKNOWLEDGEMENT

This work was supported by Hibah Riset
Grup LPPM Universitas Sebelas Maret,
Surakarta, Indonesia with Contact Number:
254/UN27.22/PT.01.03/2022.

REFERENCES

Abbott AP, Boothby D, Capper G, Davies
DL, Rasheed RK (2004) Deep Eutectic
Solvents formed between choline
chloride and carboxylic acids: Versatile
alternatives to ionic liquids. J Am
Chem Soc 126. doi: 10.1021/ja048266j

Abdul Khalil HPS, Davoudpour Y, Islam MN,
Mustapha A, Sudesh K, Dungani R,
Jawaid M (2014) Production and



modification of nanofibrillated cellulose
using various mechanical processes: A
review. Carbohydrate Polymers
99:649-665. doi:
10.1016/J.CARBPOL.2013.08.069
Abral H, Ariksa J, Mahardika M, Handayani
D, Aminah |, Sandrawati N, Sapuan
SM, llyas RA (2020) Highly transparent
and antimicrobial PVA  based
bionanocomposites  reinforced by
ginger nanofiber. Polymer Testing

81:106186. doi:
10.1016/J.POLYMERTESTING.2019.1
06186

Abushammala H, Krossing |, Laborie MP
(2015) lonic liquid-mediated
technology to produce cellulose
nanocrystals directly from wood.
Carbohydrate Polymers 134. doi:

10.1016/j.carbpol.2015.07.079
Admojo and Setyawan (2018) Potensi

Pemanfaatan Lignoselulosa  dari
Biomasa Kayu Karet  (Hevea
brasisiliensis Muell Arg.). Warta

Perkaretan 37:39-50. doi:
10.22302/PPK.WP.V3711.529
Aguilar-Sanchez A, Jalvo B, Mautner A,
Nameer S, Pohler T, Tammelin T,
Mathew AP  (2021) Waterborne
nanocellulose coatings for improving
the antifouling and antibacterial

properties of polyethersulfone
membranes. Journal of Membrane
Science 620. doi:

10.1016/j.memsci.2020.118842

Ahankari SS, Subhedar AR, Bhadauria SS,
Dufresne A (2021) Nanocellulose in
food packaging: A review.
Carbohydrate Polymers 255:117479.
doi:
10.1016/J.CARBPOL.2020.117479

Ahmad SW, Yanti NA, Muhiddin NH (2019)
Pemanfaatan Limbah Cair Sagu untuk
Memproduksi Selulosa Bakteri. Jurnal
Biologi Indonesia 15:33-39

Alonso DM, Wettstein SG, Dumesic JA
(2013) Gamma-valerolactone, a
sustainable platform molecule derived
from lignocellulosic biomass. Green
Chemistry 15:584-595. doi:
10.1039/C3GC37065H

Alvarez-Vasco C, Ma R, Quintero M, Guo M,
Geleynse S, Ramasamy KK, Wolcott
M, Zhang X (2016) Unique low-
molecular-weight lignin with high purity

J Bioteknol Biosains Indones — Vol 10 No 1 Thn 2023

extracted from wood by deep eutectic
solvents (DES): a source of lignin for

valorization. Green Chemistry
18:5133-5141. doi:
10.1039/C6GCO01007E

Ariyantini MD (2017) Preparasi

Nanoselulosa dari Tongkol Jagung
dengan Metode Hidrolisis Asam Pada
Berbagai Variasi Waktu Sonikasi.
Skripsi

Arjuna A, Natsir S, Khumaerah AA, Yulianty
R (2018) Modifikasi Serat Limbah
Kubis Menjadi Nanokristalin Selulosa
Melalui Metode Hidrolisis Asam. Jurnal
Farmasi Galenika (Galenika Journal of
Pharmacy) (e-Journal) 4:119-125. doi:
10.224871/j24428744.2018.v4.i2.11093

Asim AM, Uroos M, Naz S, Muhammad N
(2021) Pyridinium protic ionic liquids:
Effective solvents for delignification of
wheat straw. Journal of Molecular
Liquids 325. doi:
10.1016/j.molliq.2020.115013

Babicka M, Wozniak M, Dwiecki K, Borysiak
S, Ratajczak | (2020) Preparation of
nanocellulose using ionic liquids: 1-

propyl-3-methylimidazolium  chloride
and 1-ethyl-3-methylimidazolium
chloride. Molecules 25. doi:

10.3390/molecules25071544

Boerjan W, Ralph J, Baucher M (2003)
Lignin Biosynthesis. Annual Review of
Plant Biology 54:519-546. doi:
10.1146/annurev.arplant.54.031902.13

4938
Bongao HC, Gabatino RRA, Arias CFH,
Magdaluyo ER (2020)

Micro/nanocellulose from waste Pili
(Canarium ovatum) pulp as a potential
anti-ageing ingredient for cosmetic
formulations. Materials Today:
Proceedings 22:275-280. doi:
10.1016/J.MATPR.2019.08.117
Chaichi M, Hashemi M, Badii F, Mohammadi
A (2017) Preparation and
characterization of a novel
bionanocomposite edible film based on
pectin and crystalline nanocellulose.
Carbohydrate Polymers 157:167-175.
doi: 10.1016/J.CARBPOL.2016.09.062
Das L, Li M, Stevens J, Li W, Pu Y,
Ragauskas AJ, Shi J (2018)
Characterization and Catalytic Transfer
Hydrogenolysis of Deep Eutectic
Solvent Extracted Sorghum Lignin to

143



A Review of Nanocellulose Synthesis... Fauzi et al.

Phenolic Compounds. ACS
Sustainable Chemistry and
Engineering  6:10408-10420. doi:

10.1021/ACSSUSCHEMENG.8B0176
3

Dhali K, GhasemLou M, Daver F, Cass P,
Adhikari B (2021) A review of
nanocellulose as a new material
towards environmental sustainability.
Science of the Total Environment
775:145871. doi:
10.1016/j.scitotenv.2021.145871

Effendi DB, Rosyid NHR, Nandiyanto ABD,
Mudzakir A (2015) Review: Sintesis
Nanoselulosa. Jurnal Integrasi proses
5:61-74. doi: 10.36055/JIP.V5I12.199

Eksiler K, Andou Y, Yilmaz F, Shirai Y, Ariffin
H, Hassan MA (2017) Dynamically
controlled fibrillation under combination
of ionic liquid with mechanical grinding.
Journal of Applied Polymer Science
134. doi: 10.1002/app.44469

Elgharbawy AA, Alam MZ, Moniruzzaman M,
Goto M (2016) lonic  liquid
pretreatment as emerging approaches
for enhanced enzymatic hydrolysis of
lignocellulosic biomass. Biochemical
Engineering Journal 109:252—-267. doi:
10.1016/j.bej.2016.01.021

Evelyna A, Prakusya N, Suprana DJD,
Ariswari AN, Purwasasmita BS (2019)
Sintesis dan Karakterisasi
Nanoselulosa Berbahan Serat Nanas
sebagai Komponen Penguat Material
Kedokteran Gigi. Jurnal Material
Kedokteran  Gigi  8:60-64.  doi:
10.32793/JIMKG.V8I12.453

Felasih E (2010) Pemanfaatan Selulosa
Bakteri - Polivinil Alkohol ( Pva ) Hasil
Iradiasi ( Hidrogel ) sebagai Matriks
Topeng Masker Wajah. 4

Fikri A (2017) Sintesis Masker Gel
Nanoselulosa dari Bahan Daun Ubi
Jalar Merah. Syntax Literate 2:16—-27

Fitriana L, Hidayah M, Astuti W (2018)
Sintesis Nanoselulosa dari Batang
Bambu menggunakan Hidrolisis Asam
dan Gelombang Ultrasonik sebagai
adsorben Logam Kadmium ( 11') dalam
Limbah Industri Elektroplating.
Seminar Nasional TeknikKimia
ECOSMART Semarang:212-219

Francisco M, van den Bruinhorst A, Kroon
MC (2012) New natural and renewable
low transition temperature mixtures

144

(LTTMs): screening as solvents for
lignocellulosic biomass processing.
Green Chemistry 14:2153-2157. doi:
10.1039/C2GC35660K

Geyer R, Jambeck J, advances KL-S, 2017
undefined (2017) Production, use, and
fate of all plastics ever made.
advances.sciencemag.org

Ghasemi S, Behrooz R, Ghasemi I, Yassar
RS, Long F (2018) Development of
nanocellulose-reinforced PLA
nanocomposite by using maleated PLA
(PLA-g-MA). Journal of Thermoplastic
Composite Materials 31:1090-1101.
doi: 10.1177/0892705717734600

Guo R, Zhang L, Lu Y, Zhang X, Yang D
(2020) Research progress of
nanocellulose  for electrochemical
energy storage: A review. Journal of
Energy Chemistry 51:342-361. doi:
10.1016/J.JECHEM.2020.04.029

Hang Shu C, Jaiswal R, Syong Shih J (2015)
Improving Biodegradation of Rice
Straw Using Alkaline and Aspergillus
niger Pretreatment for Methane
Production by Anaerobic Co-Digestion.
Journal of Bioprocessing &
Biotechniques 5. doi: 10.4172/2155-
9821.1000256

Hertiwi LR, Afni AN, Lailiyah N, Sanjaya |
gusti M (2020) Ekstraksi dan
karakterisasi nanoselulosa dari limbah
kulit bawang merah. Journal Education
and Chemistry 2:77-81

Hitam CNC, Jall AA (2022) Recent
advances on nanocellulose
biomaterials for environmental health
photoremediation: An overview.
Environmental Research 204:111964.
doi: 10.1016/j.envres.2021.111964

Ifadah RA, Kusnadi J, Wijayanti SD (2015)
Strain Improvement  Acetobacter
Xylinum Menggunakan Ethyl Methane
Sulfonate (Ems) Sebagai Upaya
Peningkatan Produksi Selulosa Bakteri
[In Press Januari 2016]. Jurnal Pangan
dan Agroindustri 4:273-282

llyas Rushdana A, Sapuan Salit M, Lamin
Sanyang M, Ridzwan Ishak M (2017)
Nanocrystalline Cellulose As
Reinforcement For Polymeric Matrix
Nanocomposites And Its Potential
Applications: A Review. Current
Analytical Chemistry 13. doi:



10.2174/157341101366617100315562
4
Iriani ES, Wahyuningsih K, Sunarti TC,
Permana AW (2015) Sintesis
Nanoselulosa Dari Serat Nanas Dan
Aplikasinya  Sebagainanofillerpada
Film Berbasis Polivinil Alkohol.
Jurnal Penelitian Pascapanen
Pertanian 12:11. doi:
10.21082/jpasca.vi2nl.2015.11-19
Jaekel EE, Sirvio JA, Antonietti M,
Filonenko S (2021) One-step method
for the preparation of cationic
nanocellulose in reactive eutectic
media. Green Chemistry 23:2317-
2323. doi: 10.1039/d0gc04282j
Jamréz E, Kulawik P, Kopel P (2019) The
Effect of Nanofillers on the
Functional Properties of Biopolymer-
Based Films: A Review. Polymers
2019, Vol 11, Page 675 11:675. doi:
10.3390/POLYM11040675
Jiang J, Zhu Y, Jang F (2021)
Sustainable isolation of
nanocellulose from cellulose and
lignocellulosic feedstocks: Recent
progress and perspectives.
Carbohydrate Polymers 267:118188.
doi: 10.1016/j.carbpol.2021.118188
Julianto H, Farid M, Rasyida A (2017)
Ekstraksi  Nanoselulosa dengan
Metode Hidrolisis Asam sebagai
Penguat Komposit Absorpsi Suara.
Jurnal Teknik ITS 6. doi:
10.12962/j23373539.v6i2.24259
Khalid I, Lestari FA, Afdhol MK, Hidayat F
(2020)  Potensi  biopolimer  dari
ekstraksi nanoselulosa daun kapas
sebagai agen peningkatan viskositas
pada injeksi polimer. PETRO: Jurnal
limiah Teknik Perminyakan 9:146—-153
Kim HJ, Lee S, Kim J, Mitchell RJ, Lee JH
(2013) Environmentally friendly
pretreatment of plant biomass by
planetary and  attrition  milling.
Bioresource Technology 144:50-56.
doi:
10.1016/J.BIORTECH.2013.06.090
Klemm D, Cranston ED, Fischer D, Gama M,
Kedzior SA, Kralisch D, Kramer F,
Kondo T, Lindstrém T, Nietzsche S,
Petzold-Welcke K, Rauchful3 F (2018)
Nanocellulose as a natural source for
groundbreaking applications in
materials science: Today's state.

J Bioteknol Biosains Indones — Vol 10 No 1 Thn 2023

Materials Today 21:720-748. doi:
10.1016/J.MATTOD.2018.02.001

Ko CH, Yang BY, Lin LD, Chang FC, Chen
WH (2020) Impact of pretreatment
methods on production of bioethanol
and nanocrystalline cellulose. Journal
of Cleaner Production 254:119914.
doi: 10.1016/J.JCLEPRO.2019.119914

Kos T, Anzlovar A, Kunaver M, Huski¢ M,
Zagar E (2014) Fast preparation of
nanocrystalline cellulose by
microwave-assisted hydrolysis.
Cellulose 21:2579-2585. doi:
10.1007/s10570-014-0315-2

Kuang T, Ju J, Yang Z, Geng L, Peng X
(2018) A facile approach towards
fabrication of lightweight biodegradable
poly (butylene succinate)/carbon fiber
composite foams with high electrical
conductivity and strength. Composites
Science and Technology 159:171-179.
doi:
10.1016/j.compscitech.2018.02.021

Kumar S, Thakur K (2017) Bioplastics -
classification, production and their
potential food applications. Journal of
Hill Agriculture 8:118. doi:
10.5958/2230-7338.2017.00024.6

Le Gars M, Douard L, Belgacem N, Bras J
(2020) Cellulose Nanocrystals: From
Classical Hydrolysis to the Use of
Deep Eutectic Solvents. Smart
Nanosystems for Biomedicine,
Optoelectronics and Catalysis. doi:
10.5772/intechopen.89878

Li P, Sirvio JA, Asante B, Liimatainen H
(2018) Recyclable deep eutectic
solvent for the production of cationic
nanocelluloses. Carbohydrate
Polymers 199. doi:
10.1016/j.carbpol.2018.07.024

Lismeri L, Zari PM, Novarani T, Darni Y
(2016) Sintesis Selulosa Asetat dari
Limbah Batang Ubi Kayu. Jurnal
Rekayasa Kimia & Lingkungan 11:82.
doi: 10.23955/rkl.v11i2.5407

Liu Y, Chen W, Xia Q, Guo B, Wang Q, Liu
S, Liu Y, Li J, Yu H (2017) Efficient
Cleavage of Lignin—Carbohydrate
Complexes and Ultrafast Extraction of
Lignin Oligomers from Wood Biomass
by Microwave-Assisted Treatment with
Deep Eutectic Solvent. Chemsuschem
10:1692. doi:
10.1002/CSSC.201601795

145



A Review of Nanocellulose Synthesis... Fauzi et al.

Maftu E, Nursyamsi D, Penelitian Pertanian
Lahan Rawa Jl Kebun Karet Box BP,
Utara L, Selatan K (2015) Potensi
berbagai bahan organik rawa sebagai
sumber biochar Potency of various
organic materials from swampland as
a source of biochar. PROS SEM NAS
MASY BIODIV INDON 1. doi:
10.13057/psnmbi/m010417

Marakana PG, Dey A, Saini B (2021)
Isolation of nanocellulose from
lignocellulosic biomass: Synthesis,
characterization, modification, and
potential applications. Journal of
Environmental Chemical Engineering
9:106606. doi:
10.1016/J.JECE.2021.106606

Maryam M, Rahmad D, Yunizurwan Y

(2019) Sintesis Mikro Selulosa
Bakteri Sebagai Penguat
(Reinforcement) Pada Komposit

Bioplastik Dengan Matriks PVA (Poli
Vinil Alcohol). Jurnal Kimia dan
Kemasan 41:110. doi:
10.24817/jkk.v41i2.4055

Maurya DP, Singla A, Negi S (2015) An
overview of key pretreatment
processes for biological conversion of
lignocellulosic biomass to bioethanol.
3 Biotech 5:597-609. doi:
10.1007/S13205-015-0279-4

Menon V, Rao M (2012) Trends in
bioconversion  of  lignocellulose:
Biofuels, platform chemicals
& biorefinery concept. Progress in
Energy and Combustion Science
38:522-550. doi:
10.1016/J.PECS.2012.02.002

Mishra RK, Sabu A, Tiwari SK (2018)
Materials chemistry and the futurist
eco-friendly applications of
nanocellulose: Status and prospect.
Journal of Saudi Chemical Society

22:949-978. doi:
10.1016/J.JSCS.2018.02.005
Muhajir M (2019) Pengaruh proses

homogenisasi terhadap karakteristik
film nano selulosa bakteri / Muhamad
Mubhajir

Muhajir M, Suryanto H, Larasati A (2018)
Struktur dan Sifat Mekanik Film
Bacterial Cellulose dengan
Disintegrasi Mekanis. JPSE (Journal of
Physical Science and Engineering)

146

3:55-62. doi:
10.17977/UM024V3122018P055
Mulyadi | (2019) Isolasi Dan Karakterisasi
Selulosa: Review. Jurnal Saintika
Unpam : Jurnal Sains dan Matematika
Unpam 1:177. doi:
10.32493/jsmu.v1i2.2381

Ng HM, Sin LT, Tee TT, Bee ST, Hui D, Low
CY, Rahmat AR (2015) Extraction of
cellulose nanocrystals from plant
sources for application as reinforcing
agent in polymers. Composites Part B:
Engineering 75:176-200. doi:
10.1016/J.COMPOSITESB.2015.01.00
8

Ning L, You C, Zhang Y, Li X, Wang F

(2021) Polydopamine loaded
fluorescent nanocellulose—agarose
hydrogel: A pH-responsive  drug

delivery carrier for cancer therapy.
Composites Communications
26:100739. doi:
10.1016/J.COCO0.2021.100739

Nugraha AB, Nuruddin A, Sunendar B
(2021) Isolasi Nanoselulosa
Terkarboksilasi dari Limbah  Kulit
Pisang Ambon Lumut dengan Metode
Oksidasi. Journal of Science and
Applicative Technology 5:236-244.
doi: 10.35472/JSAT.V511.413

Nurfitasari | (2018) Effect of Chitosan and
Gelatin  Addition on the Quality
Biodegradable Starch Foam Made
From Seeds Jackfruit (Artocarpus
heterophyllus). Disertation, Universitas
Islam Negeri Alauddin, Makassar

Oke | (2010) Nanoscience in nature:
cellulose nanocrystals. SURG Journal
3:77-80. doi: 10.21083/surg.v3i2.1132

Owolabi FAT, Deepu AG, Thomas S, Shima
Jafarzadeh, Rizal S, Sri Aprilia NA,
Abdul Khalil HPS (2020) Green
Composites From Sustainable
Cellulose Nanofibrils. Encyclopedia of
Renewable and Sustainable Materials
81-94. doi: 10.1016/B978-0-12-
803581-8.11422-5

Peng J, Abomohra AEF, Elsayed M, Zhang
X, Fan Q, Ai P (2019) Compositional
changes of rice straw fibers after
pretreatment with diluted acetic acid:

Towards enhanced biomethane
production.  Journal of Cleaner
Production 230:775-782. doi:

10.1016/J.JCLEPRO.2019.05.155



Phanthong P, Karnjanakom S,
Reubroycharoen P, Hao X, Abudula A,
Guan G (2017) A facile one-step way
for extraction of nanocellulose with
high yield by ball milling with ionic
liquid. Cellulose 24:2083-2093. doi:
10.1007/s10570-017-1238-5

Phanthong P, Reubroycharoen P, Hao X, Xu
G, Abudula A, Guan G (2018)

Nanocellulose: Extraction and
application. Carbon Resources
Conversion 1:32-43. doi:

10.1016/J.CRCON.2018.05.004

Pirani S, Hashaikeh R (2013)
Nanocrystalline cellulose extraction
process and utilization of the
byproduct for biofuels production.
Carbohydrate Polymers 93:357-363.
doi:
10.1016/J.CARBPOL.2012.06.063

Ramesh S, Radhakrishnan P (2019)
Cellulose nanoparticles from agro-
industrial waste for the development
of active packaging. Applied Surface
Science 484:1274-1281. doi:
10.1016/j.apsusc.2019.04.003

Sanchez O, Sierra R, J. C (2011)
Delignification Process of Agro-
Industrial Wastes an Alternative to
Obtain Fermentable Carbohydrates
for Producing Fuel. Alternative Fuel.
doi: 10.5772/22381

Saputri LH, Sukmawan R (2020) Pengaruh
Proses Blending dan Ultrasonikasi
terhadap Struktur Morfologi Ekstrak
Serat Limbah Batang Kelapa Sawit
untuk Bahan Baku  Bioplastik
(Selulosa Asetat). Rekayasa 13:15—
21. doi:
10.21107/rekayasa.v13i1.6180

Satlewal A, Agrawal R, Bhagia S, Sangoro
J, Ragauskas AJ (2018) Natural deep
eutectic solvents for lignocellulosic
biomass pretreatment: Recent
developments, challenges and novel
opportunities. Biotechnology
Advances 36

Sirvio JA (2019) Fabrication of regenerated
cellulose nanoparticles by
mechanical disintegration of cellulose
after dissolution and regeneration
from a deep eutectic solvent. Journal
of Materials Chemistry A 7:755-763.
doi: 10.1039/c8ta09959f

J Bioteknol Biosains Indones — Vol 10 No 1 Thn 2023

Sirvio JA, Visanko M, Liimatainen H (2015)
Deep eutectic solvent system based
on choline chloride-urea as a pre-
treatment for nanofibrillation of wood
cellulose. Green Chemistry 17. doi:
10.1039/c5gc00398a

Stolte S, Arning J, Bottin-Weber U, Matzke
M, Stock F, Thiele K, Uerdingen M,
Welz-Biermann U, Jastorff B, Ranke J
(2006) Anion effects on the cytotoxicity
of ionic liquids. Green Chemistry
8:621-629. doi: 10.1039/b602161a

Suopajarvi T, Ricci P, Karvonen V, Ottolina
G, Liimatainen H (2020) Acidic and
alkaline deep eutectic solvents in
delignification and nanofibrillation of
corn stalk, wheat straw, and rapeseed
stem residues. Industrial Crops and
Products 145. doi:
10.1016/j.indcrop.2019.111956

Supramaniam J, Adnan R, Mohd Kaus NH,
Bushra R (2018) Magnetic
nanocellulose alginate hydrogel beads
as potential drug delivery system.
International Journal of Biological
Macromolecules 118:640-648. doi:
10.1016/J.1JBIOMAC.2018.06.043

Sutay Kocabas D, Erko¢ Akcgelik M,
Bahcegul E, Ozbek HN (2021) Bulgur
bran as a biopolymer source:
Production and characterization of
nanocellulose-reinforced
hemicellulose-based biodegradable
films with decreased water solubility.
Industrial Crops and Products 171. doi:
10.1016/j.indcrop.2021.113847

Swatloski RP, Spear SK, Holbrey JD,
Rogers RD (2002) Dissolution of
cellose with ionic liquids. J Am Chem
Soc 124:4974-4975. doi:
10.1021/ja025790m

Taher MA, Zahan KA, Rajaie MA, Ring LC,
Rashid SA, Mohd Nor Hamin NS, Nee
TW, Yenn TW (2020) Nanocellulose as
drug delivery system for honey as

antimicrobial wound dressing.
Materials Today: Proceedings 31:14—
17. doi:

10.1016/J.MATPR.2020.01.076

Tan YT, Chua ASM, Ngoh GC (2020)
Evaluation on the properties of deep
eutectic solvent-extracted lignin for
potential aromatic bio-products
conversion. Industrial Crops and

147



A Review of Nanocellulose Synthesis... Fauzi et al.

Products 154:112729. doi:
10.1016/J.INDCROP.2020.112729

Tan YT, Ngoh GC, Chua ASM (2019) Effect
of functional groups in acid constituent
of deep eutectic solvent for extraction
of reactive lignin.  Bioresource
Technology 281:359-366. doi:
10.1016/j.biortech.2019.02.010

Tang X, Zuo M, Li Z, Liu H, Xiong C, Zeng X,
SunY, Hul, LiuS, Lei T, Lin L (2017)
Green Processing of Lignocellulosic
Biomass and Its Derivatives in Deep
Eutectic Solvents. ChemSusChem
10:2696-2706. doi:
10.1002/CSSC.201700457

Tripathi M, Sahu JN, Ganesan P (2016)
Effect of process parameters on
production of biochar from biomass
waste through pyrolysis: A review.
Renewable and Sustainable Energy
Reviews 55:467-481. doi:
10.1016/j.rser.2015.10.122

Triyastiti L, Krisdiyanto D (2017) Isolasi
Nanoselulosa Dari Pelepah Pohon
Salak Sebagai Filler Pada Film
Berbasis Polivinil Alkohol ( PVA )
Isolation of Nanocellulose from The
Stem ofSnakefruit Tree as Nanofiller
in Polyvinyl Alcohol Based Film.
Prosiding Seminar Nasional Kaulit,
Karet dan Plastik ke-6
Yogyakarta:223-236

Triyastiti L, Krisdiyanto D (2018) Isolasi
nanokristal dari pelepah pohon salak
sebagai filler pada film berbasis
Polivinil Alkohol (PVA). Indonesian
Journal of Materials Chemistry 1:39—
45

Usov I, Nystrom G, Adamcik J, Handschin S,
Schiatz C, Fall A, Bergstrom L,
Mezzenga R (2015) Understanding
nanocellulose chirality and structure—
properties relationship at the single
fibril level. Nature Communications
2015 6:1 6:1-11. doi:
10.1038/ncomms8564

Wang S, Li H, Xiao LP, Song G (2020a)
Unraveling the Structural
Transformation of Wood Lignin During
Deep Eutectic Solvent Treatment.
Frontiers in Energy Research 8. doi:
10.3389/FENRG.2020.00048/FULL

Wang S, Su S, Xiao LP, Wang B, Sun RC,
Song G (2020b) Catechyl Lignin
Extracted from Castor Seed Coats

148

Using Deep Eutectic Solvents:
Characterization and
Depolymerization. ACS Sustainable
Chemistry and Engineering 8:7031-
7038. doi:
10.1021/ACSSUSCHEMENG.0C0046
2
Wang Y, Wei X, Li J, Wang F, Wang Q,
Zhang Y, Kong L (2017)
Homogeneous isolation of
nanocellulose from eucalyptus pulp by
high pressure homogenization.
Industrial  Crops and  Products
104:237-241. doi:
10.1016/j.indcrop.2017.04.032
Wibowo and Isroi (2016) Potensi In-Vivo
Selulosa Bakterial Sebagai Nano-Filler
Karet  Elastomer  Thermoplastics.
Perspektif 14:103. doi:
10.21082/p.v14n2.2015.103-112
Wicaksono R, Wibowo C, Fajar R (2021)
Aplikasi Serat Nanoselulosa Dari Kulit
Ubi Kayu Sebagai Bahan Pengisi Dan
Pengaruhnya Terhadap Sifat Fisik
Bioplastik Tapioka Dengan
Penambahan Sorbitol. Prosiding 10
Widiastuti E, Marlina A (2020) Studi awal
pembuatan nano serat selulosa alang-
alang (Imperata cylindrical (L) Beauv)
sebagai bahan pengikat komposit.

Prosiding Industrial Research
Workshop and National Seminar
11:682-686. doi:

10.35313/irwns.v11i1.2098

Wu M, Gong L, Ma C, He YC (2021)
Enhanced enzymatic saccharification
of sorghum straw by effective
delignification via combined
pretreatment with alkali extraction and
deep eutectic solvent soaking.
Bioresource Technology 340:125695.
doi:
10.1016/J.BIORTECH.2021.125695

Xu C, Arancon RAD, Labidi J, Luque R

(2014) Lignin depolymerisation
strategies: Towards valuable
chemicals and fuels. Chemical

Society Reviews 43:7485-7500. doi:
10.1039/c4cs00235k

Yang B, Zhang S, Hu H, Duan C, He Z, Ni
Y (2020) Separation of hemicellulose
and cellulose from wood pulp using
a y-valerolactone (GVL)/water
mixture. Separation and Purification



Technology 248:117071. doi:
10.1016/J.SEPPUR.2020.117071
Yudha (2018) Fabrikasi Film
Nanokomposit berbasis PVA dan
Nanoselulosa dari Serat Pelepah

Salak

J Bioteknol Biosains Indones — Vol 10 No 1 Thn 2023

Zhou YM, Fu SY, Zheng LM, Zhan HY
(2012) Effect of nanocellulose
isolation techniques on the formation
of reinforced poly(vinyl alcohol)
nanocomposite films. Express
Polymer Letters 6:794-804. doi:
10.3144/expresspolymLett.2012.85

149



